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Abstract
Initial determination of left–right (L-R) polarity in mammalian embryos takes place in the node. However, it is not known how
asymmetric signals are generated in the node and transferred to the lateral plate mesoderm (LPM). Mice homozygous for a hypomorphic
Nodal allele (Nodalneo) were generated and found to exhibit L-R defects, including right isomerism. Although the mutant embryos express
Nodal at gastrulation stages, the subsequent expression of this gene in the node and left LPM is lost. A transgene that conferred Nodal
expression specifically in the node rescued the L-R defects of the Nodalneo/neo embryos. Conversely, ectopic expression of the Nodal
inhibitor Lefty2 in the node of Nodalneo/ embryos resulted in a phenotype similar to that of the Nodalneo/neo mutant. These results indicate
that Nodal produced in the node is required for expression of Nodal and other left side-specific genes in the LPM.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Vertebrates manifest numerous left–right (L-R) asymme-
tries of internal organs. These organs are derived from the
primary gut, which is composed of lateral plate mesoderm
(LPM) and endoderm. The asymmetric development of vis-
ceral organs depends on L-R information in LPM that is
established at the early somite stage. Substantial insight into
the molecular and genetic mechanisms of L-R patterning in
vertebrates has been achieved over the last several years
(Beddington and Robertson, 1999; Capdevila et al., 2000;
Hamada et al., 2002; Wright, 2001). Two of the principal
players in L-R patterning are Nodal and Lefty, both of
which belong to the transforming growth factor- (TGF-)
superfamily of proteins (Collignon et al., 1996; Lowe et al.,
1996; Meno et al., 1996). Both of these proteins are ex-
pressed in LPM exclusively on the left side; Nodal acts as
the left-side determinant, whereas Lefty functions as a feed-
back inhibitor of Nodal (Cheng et al., 2000; Meno et al.,
1999; Saijoh et al., 2000). The establishment of left-sided
expression of Nodal in LPM is followed by the induction by
Nodal of the transcription factor Pitx2 (Logan et al., 1998;
Shiratori et al., 2001; Yoshioka et al., 1998), which in turn
executes left side-specific morphogenesis (Kitamura et al.,
1999; Lin et al., 1999; Lu et al., 1999).
The breaking of bilateral symmetry of mouse embryos
occurs in the node, although the underlying molecular
mechanism has remained unclear. The pit cells of the node
possess monocilia on their ventral surface (Sulik et al.,
1994) that rotate in a clockwise direction and produce a
leftward flow of extraembryonic fluid (Nonaka et al., 1998).
This “nodal flow” determines initial L-R polarity (Nonaka
et al., 2002), possibly by creating a gradient of an unknown
morphogen. Left side-specific signals generated in the node
must then be transferred to left LPM, resulting in Nodal
expression in left LPM. The mechanism by which such an
asymmetric signal is transferred from the node to LPM has
not been determined, however.
Nodal is expressed in the node as well as in left LPM
(Collignon et al., 1996; Lowe et al., 1996; Zhou et al.,
1993). The expression of Nodal in the node precedes that in
left LPM and exhibits subtle L-R asymmetry (Collignon et
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al., 1996; Lowe et al., 1996). However, the role of Nodal
produced in the node and the asymmetry of Nodal expres-
sion in the node remains unknown. Nodal synthesized in the
perinodal region may be a morphogen that is transported
leftward by nodal flow, but there has been no direct evi-
dence for this notion.
During our studies on the role of Nodal in development,
we have generated a hypomorphic allele of mouse Nodal
(Nodalneo). We now show that mice homozygous for this
hypomorphic allele develop to the neural fold stage without
apparent defects in anteroposterior patterning or gastrulation.
At later stages, however, they exhibit marked L-R patterning
defects. Nodal expression in the node was greatly reduced or
abolished, and that in left LPM was absent. The phenotype of
the mutant mice suggested the possibility that Nodal generated
in the node might induce Nodal expression in left LPM. We
directly tested this possibility with two different transgenic
approaches. Targeted expression of Nodal in the node pre-
vented the L-R defects of the Nodalneo/neo mutant mice. Con-
versely, ectopic expression of the Nodal antagonist Lefty2
in the node of the Nodalneo/ embryo resulted in a pheno-
type similar to that of the Nodalneo/neo mice. Our results thus
provide direct evidence that Nodal produced in the node
directs asymmetric gene expression in left LPM.
Materials and methods
Generation of Nodal hypomorphic mutant mice
Nodal clones were isolated from a genomic DNA library
constructed from E14 embryonic stem (ES) cells. To replace
a 0.7-kb region containing the second asymmetric enhancer
(LSE) with a loxP-PGK-neo cassette, we subcloned a 7-kb
SalI–BamHI fragment of the 5 flanking region (12 to 5
kb) and an 8.5-kb fragment containing 4.3 kb of upstream
region, exon 1, and 3.5 kb of intron 1 into the plasmid
ploxPneo at the 5 and 3 ends of the loxP-PGK-neo cas-
sette, respectively. For negative selection, the DTpA cas-
sette (containing the diphtheria toxin gene) from pMC1-
DTpA (Yagi et al., 1993) was also included in the targeting
vector. The targeting vector was linearized with SfiI and
introduced into R1 ES cells by electroporation according to
standard procedures. Of 138 G418-resistant ES clones ob-
tained, 18 were shown to have undergone homologous re-
combination, as revealed by Southern hybridization analysis
with various probes, including a 5 probe, 3 probe, and neo
probe (Fig. 1A). ES cell culture and blastocyst injections
were performed by standard methods (Hogan et al., 1994;
Robertson, 1987). Male chimeras were crossed with
C57BL/6N or 129Sv/ter female mice, and three independent
recombinant lines were established. Given that these lines
manifested identical phenotypes, the results presented in
this study were obtained with one line (no. 56). The F1
progeny were genotyped by Southern hybridization (Fig.
1B) as described above. Subsequent offspring and embryos
were genotyped by the polymerase chain reaction (PCR)
with a common primer corresponding to the region imme-
diately upstream of the PGK-neo insertion site (5-GAC-
CGATCCAATACATTGAGGTGGTTGAG-3) in conjunc-
tion with a primer containing a portion of the loxP and
vector sequence (5-CGAGGGACCTAATAACTTCG-
TATAGCATACAT-3) or a primer corresponding to the
deleted 0.7-kb region (5-GCATTTCGCTAGTCAGTC-
CCG-3); these primer combinations yield 190- and 370-bp
products specific for the targeted and wild- type alleles,
respectively.
Generation of transgenic mice
Two tandem copies of a 0.7-kb DNA fragment con-
taining the node-specific enhancer (NDE) of Nodal were
linked to the heat shock promoter, Nodal or Lefty2
Fig. 1. Generation of a Nodal hypomorphic allele. (A) The wild-type Nodal
locus was subjected to homologous recombination with a targeting vector.
Three enhancers of Nodal are shown: the node-specific enhancer, or NDE
(green circle); the intronic FoxH1-dependent enhancer, or ASE (blue cir-
cle); and the second left-side specific enhancer (red circle). Three exons are
represented by black boxes. Triangles indicate loxP sites, the purple box
represents a PGK-neo cassette, and the pink square denotes a diphtheria
toxin cassette. Probes (5 and 3) used for Southern hybridization are
indicated below the wild-type locus. Removal of the PGK-neo cassette by
Cre recombinase is also depicted. Restriction endonuclease sites: E, EcoRI;
B, BamHI; B3, BanIII; S, SalI; N, NotI; Xh, XhoI; Sf, SfiI; RV, EcoRV. (B)
Southern hybridization analysis of offspring obtained by mating
Nodalneo/ mice. Genomic DNA was digested with SfiI and EcoRV, and
the resulting fragments were subjected to hybridization with 32P-labeled 3
Nodal cDNA probes targeted to exons 2 and 3. The mutant (neo) and
wild-type (WT) loci yield hybridizing fragments of 12 and 25 kb,
respectively.
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cDNA, and IRES-LacZ. NDE-Cre transgene also contains
two tandem copies of the NDE fragments, the Nodal
promoter (1.2 kb upstream region of Nodal gene) and Cre
gene. This transgene was released from a pBSSK vector
by digestion with NotI and then microinjected into the
pronucleus of fertilized eggs obtained by crossing
C57BL/6Cr females and Nodalneo/ heterozygous males
(129Sv) (Saijoh et al., 1999). Transgenic mice or em-
bryos were identified by Southern blot or PCR analysis of
tail biopsy or yolk sac DNA. PCR was performed with
the primers Nodal 706 (sense, 5-TACCAACCATGC
CTACATCCAG-3) and Nodal 707 (antisense, 5-TCT-
GTCAGAGGCACCCACACTC-3), which yield a
126-bp product with Nodal cDNA; Lefty2-573 (sense,
5-TGAACTTCTGGCAGCAGCTGAG-3) and Lefty2-
705 (antisense, 5-GTCACAATTGCCTTGAGCTCCG-
3), which yield a 212-bp product with Lefty2 cDNA; and
ZS-6 (sense, 5-GCACGGTTACGATGCGCCCATCTA-
CACCAACGT-3) and ZA-6 (antisense, 5-ACGGC-
AAACGACTGTCCTGGCCGTAACCGACC-3), which
yield a 230-bp product with LacZ.
Whole-mount in situ hybridization and histological
analysis
Whole-mount in situ hybridization was performed ac-
cording to standard procedures with digoxigenin-labeled
riboprobes specific for Nodal (Lowe et al., 1996), Lefty1 and
Lefty2 (Meno et al., 1996, 1997), Pitx2 (Meno et al., 1998),
Brachyury (Herrmann et al., 1991), Shh (Echelard et al.,
1993), GDF1 (Rankin et al., 2000), or Cryptic (Shen et al.,
1997). For histology, embryos and tissues were postfixed in
4% paraformaldehyde, photographed, dehydrated, cleared,
embedded in Paraplast wax (Oxford Labware), and sec-
tioned at a thickness of 8 m. The activity of -galactosi-
dase was detected by the standard protocol.
Results
Hypomorphic mutation of Nodal results in severe L-R
defects
We generated a hypomorphic allele of mouse Nodal,
termed Nodalneo (Fig. 1A), in which a PGK-neo cassette
(containing the phosphoglycerate kinase gene promoter and
neomycin resistance gene) was inserted 5 kb upstream of
the transcriptional initiation site, replacing a 0.7-kb region
between positions 5.2 and 4.5 kb that includes a second
asymmetric enhancer (unpublished observations). This latter
deletion is not responsible for the phenotype of Nodalneo/neo
mice described in this study, given that Cre recombinase-
mediated removal of the PGK-neo cassette prevented vir-
tually all of the defects of Nodalneo/neo mice (unpublished
observations). Nodalneo/ mice, which appear to develop
normally and are fertile, were crossed to obtain mice ho-
mozygous for the Nodalneo allele. However, no such ho-
mozygous animals were detected at weaning; of 102 mice
examined, 38 (37%) were / and 64 (63%) were neo/
(Fig. 1B). In contrast, at 18.5 days postcoitum (dpc), the
numbers of /, neo/, and neo/neo embryos were 35
(28%), 71 (56%), and 20 (16%), respectively. Of the 20
Nodalneo/neo embryos examined, 15 were externally normal,
Fig. 2. L-R patterning defects in Nodalneo/neo mice. Visceral organs of
wild-type (/), Nodalneo/ (neo/), and Nodalneo/neo (neo/neo) newborn
mice are shown. (A) Pattern of lung lobation. cl, caudal lobe; crl, cranial
lobe; ml, middle lobe; al, accessory lobe; llo, left lobe; ht, heart. (B)
Morphology of the atria and great arteries. Reversed position of the great
arteries was apparent in Nodalneo/neo mice. The pulmonary artery (pa) is
located ventral to and left of the aorta (ao) in wild-type and Nodalneo/
mice, but is located dorsally relative to the aorta in Nodalneo/neo mice. The
left atrium (la) of Nodalneo/neo mice exhibits the morphology of the right
atrium (ra). (C) Orientation of the heart apex (blue arrow). (D, E) Mor-
phology of the liver, stomach, and spleen. The stomach (st) is often located
on the right side in Nodalneo/neo mice (D). In wild-type mice, the right lobe
(rl) of the liver is small and is covered by the right medial lobe (rm); in the
Nodalneo/neo mouse, however, the right lobe is enlarged and covers the
stomach (D, E). The spleen (sp) in the Nodalneo/neo mouse shown is greatly
reduced in size (D). ll, left lobe of the liver; lm, left medial lobe of the liver;
D, dorsal; V, ventral. (F) The gut of wild-type and Nodalneo/ mice is
looped in an anticlockwise direction, whereas that of the Nodalneo/neo
mouse exhibits a disorganized looping pattern. The looping pattern from
the stomach to the intestine is indicated by the blue arrow. du, duodenum.
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whereas 5 had arrested development at 13 dpc. Thus,
25% of Nodalneo/neo embryos arrest at midgestation,
whereas the remaining 75% develop to term. However, all
homozygous mutant neonates died immediately at or within
a few hours after birth.
To determine the cause of postnatal mortality in
Nodalneo/neo mice, we examined the morphology of 18.5-
dpc fetuses and neonates. Various malformations were ob-
served, with right isomerism of the heart, lungs, and spleen
being the predominant phenotype. Whereas the left and
right lungs of wild-type mice have 1 and 4 lobes, respec-
tively, both lungs of all 23 Nodalneo/neo mice examined had
four lobes (Fig. 2A). In wild-type mice, the left atrium of the
heart has a flat shape with a narrow junction to the venous
component, whereas the right atrium is thick with a wide
junction (Meno et al., 1998). In contrast, both atria of
Nodalneo/neo mice (23/23) exhibited a morphology similar to
that of the right atrium of wild-type animals (Fig. 2B).
Spleen hypoplasia was also apparent in Nodalneo/neo mice
(Fig. 2D). The single spleen of wild-type mice is located
along the great curvature of the stomach; Nodalneo/neo mice
(23/23), however, exhibited several punctate spleens or one
small spleen in the same region. This right isomeric pheno-
type is thus indicative of a lack of left side-specific signal-
ing.
Other malformations apparent in Nodalneo/neo mice in-
cluded random orientation of the heart apex to the left, right,
or middle (57, 26, and 17%, respectively; Fig. 2C), reversed
position of the great arteries (23/23) (Fig. 2B), random
rotation of the stomach (normal, reversed, or ambiguous in
39, 39, and 22% of mutant embryos, respectively), abnor-
malties of liver lobation, including clefts in the medial lobes
(Fig. 2E), and disorganized gut coiling (Fig. 2F).
Reduced Nodal expression in the node and lack of left
side-specific gene expression in LPM of Nodalneo/neo
embryos
We next examined the effect of insertion of the PGK-neo
cassette on Nodal expression. The expression of Nodal
begins before gastrulation, and its expression domains
change dynamically during early development (Collignon et
al., 1996). At the midstreak stage, Nodal is expressed in the
visceral endoderm as well as in the ectoderm (Fig. 3A and
D). In Nodalneo/neo embryos, Nodal expression was detected
in visceral endoderm cells and in the ectoderm, although the
level of expression was reduced compared with that appar-
ent in wild-type embryos (Fig. 3C and F). The level of
expression in the posterior ectoderm was greater than that in
the anterior ectoderm, as is also observed in wild-type
embryos (Fig. 3A–F).
At the early somite stage, however, Nodal expression
was markedly affected in Nodalneo/neo embryos. In wild-
type embryos, Nodal is expressed in the crown cells of the
node from the neural plate stage to the early somite stage,
and in left LPM between the three- and five- somite
stages (Fig. 3G) (Collignon et al., 1996; Lowe et al., 1996).
Nodalneo/ embryos exhibited slightly reduced Nodal ex-
pression in the node and left LPM (Fig. 3H). In Nodalneo/neo
embryos, however, Nodal expression in the node was either
greatly reduced (4/11) or absent (7/11) (Fig. 3I). Further-
more, all the homozygous mutant embryos examined
(11/11) failed to express Nodal in left LPM (Fig. 3I).
Nodalneo/neo embryos also failed to express the Nodal-
responsive genes Lefty2 (Fig. 3J–L) and Pitx2 (Fig.
3M–Q) in left LPM as well as Lefty1 in the prospective
floor plate (PFP) (Fig. 3J–L).
In contrast to these left side-specific genes, Sonic hedge-
hog (Shh) (Fig. 3R–T) and Brachyury (data not shown) were
normally expressed in the node, notochord, and primitive
streak of Nodalneo/neo embryos, suggesting that gastrulation
and midline development were not affected in these ani-
mals. Thus, the Nodalneo allele appears to be capable of
directing a level of Nodal expression sufficient to allow
Nodalneo/neo embryos to develop normally during gastrula-
tion. Both Growth-differentiation factor 1 (GDF1) and
Cryptic, which are expressed in the midline, including the
node, and bilaterally in LPM (Fig. 3U and V; data not
shown) and are required for asymmetric gene expression in
left LPM (Rankin et al., 2000; Shen and Schier, 2000), were
expressed normally in Nodalneo/neo embryos (Fig. 3W; data
not shown), suggesting that LPM develops normally in
these embryos.
The lack of Nodal expression in left LPM of Nodalneo/neo
embryos was further confirmed with the use of a Lefty2
ASE-LacZ transgene that is a sensitive indicator of Nodal
activity. The expression of LacZ in this transgene is con-
trolled by the Lefty2 asymmetric enhancer (ASE), which is
responsive to Nodal signaling. The transgene exhibits
marked expression in left LPM and weaker expression on
the left side of the node (Saijoh et al., 1999, 2000). In
Nodalneo/ embryos, the Lefty2 ASE-LacZ transgene exhib-
ited a typical pattern of expression in left LPM and on the
left side of the node (Fig. 4A). In Nodalneo/neo embryos,
however, LacZ expression was not observed, with the ex-
ception of ectopic expression in the somites and allantois
(Fig. 4B), indicating the absence of Nodal activity in left
LPM of these embryos.
Nodal expression in left LPM begins in a small region
near the node and then expands along the anteroposterior
axis. It was possible that Nodal expression was initiated in
left LPM of Nodalneo/neo embryos but was prematurely
terminated by the Nodal antagonist Lefty2. To test this
possibility, we took advantage of Lefty2ASE/ASE mutant
mice, which lack the Nodal-responsive enhancer (ASE) of
Lefty2 and therefore fail to exhibit left-sided expression of
Lefty2 (Meno et al., 2001). If Nodalneo/neo embryos tran-
scribe Nodal at a low level in left LPM, deprivation of
Lefty2 might be expected to result in enhancement of Nodal
expression. In Nodal/, Lefty2ASE/ASE or in Nodalneo/,
Lefty2ASE/ASE embryos, the expression of Nodal and Pitx2
in left LPM was increased relative to that apparent in
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Nodal/, Lefty2/ or Nodalneo/, Lefty2/ embryos
(Fig. 4C and E; data not shown), as expected. In contrast,
expression of Nodal or Pitx2 was not detected in left LPM
of Nodalneo/neo, Lefty2ASE/ASE embryos (Fig. 4D, F, and
G). Together, these results demonstrate that Nodal is not
expressed in left LPM of Nodalneo/neo embryos.
Transgene-mediated expression of Nodal in the node
restores L-R asymmetric gene expression in the LPM of
Nodalneo/neo embryos
Asymmetric Nodal expression in LPM is conferred by
the intronic enhancer, ASE (Norris, 1999; Adachi et al.,
1999; Norris et al., 2002). The absence of Nodal expression
in left LPM of Nodalneo/neo embryos may be due to tran-
scriptional interference of ASE activity by the inserted
PGK-neo cassette or due to the lack of upstream signals that
activate ASE. Previous observation that Nodalneo/neo em-
bryos retained a considerable level of Nodal expression in
the visceral endoderm (Fig. 2F) supported the latter possi-
bility because Nodal expression in the endoderm is con-
trolled by ASE (Brennan et al., 2001). Further evidence
obtained by additional experiments also suggested that the
latter is more likely. First, mice homozygous for the
NodalloxP allele, generated by removal of the PGK-neo
cassette from the Nodalneo allele by Cre-mediated deletion
(Fig. 1A), exhibit virtually normal patterns of expression of
Nodal, Lefty, and Pitx2 (unpublished observations). We
next examined whether removal of the PGK-neo cassette
specifically in LPM of Nodalneo/neo embryos resulted in
restoration of asymmetric Nodal expression in this region.
For these studies, we used transgenic mice harboring Lefty2
3.3-Cre, in which Cre is expressed in mesoderm cells that
contribute to anterior half of LPM, the region where Nodal
expression begins before its expansion (M. Yamamoto et
al., in press). Nodalneo/neo embryos harboring the Cre trans-
gene still lacked Pitx2 expression in left LPM (Fig. 4H–K)
and showed L-R defects indistinguishable from those of
Nodalneo/neo embryos (data not shown). Removal of the
PGK-neo cassette in LPM was thus insufficient to rescue
Nodal expression in this tissue of Nodalneo/neo embryos, sug-
gesting that these embryos lack upstream signals required for
Nodal expression in left LPM.
To investigate the possibility that the loss of Nodal
expression in left LPM of Nodalneo/neo embryos might be
due to the reduced level of Nodal expression in the node, we
generated transgenic mice that express a Nodal transgene
specifically in the node. A transgene was thus constructed in
which the Nodal cDNA and IRES-LacZ are under the con-
trol of the node-specific enhancer (NDE) of Nodal and heat
shock promoter (Fig. 5A). The expression of this transgene
in the node does not require Nodal activity, given that
Nodalneo/LacZ embryos that developed to the early somite
stage exhibited LacZ expression in the node (Y.S. and H.H.,
unpublished observations); NodalLacZ is a null allele in
which LacZ replaces the coding sequence of Nodal (Col-
lignon et al., 1996). The transgene was microinjected into
the pronucleus of fertilized eggs, and three of the five
resulting transgenic lines expressed LacZ exclusively in the
node (Fig. 5B and C). LacZ expression in the node was
symmetric, suggesting that NDE is not responsible for the
asymmetry in perinodal Nodal expression. Expression of
LacZ was not detected at stages earlier than 8 dpc (data not
shown). The morphology of the node appeared normal in
the transgenic mice (Fig. 5C). We then crossed the trans-
genic mice with Nodalneo/ mice. Exogenous Nodal expres-
sion in the node did not affect expression of the endogenous
Nodal gene in the LPM or node of Nodalneo/ embryos (Fig.
5E). It did not affect expression of Pitx2 in the left LPM of
Nodalneo/ embryos either (Fig. 5H and J). In Nodalneo/neo
embryos, however, the transgene not only gave rise to
Nodal expression in the node but also induced endogenous
Nodal expression in left LPM (Fig. 5D and F). Consistent
with this result, Pitx2 expression was also rescued in left
LPM of Nodalneo/neo embryos harboring the transgene (Fig.
5G, I, and K). Exogenous Nodal expression in the node was
thus able to rescue asymmetric expression of endogenous
Nodal in left LPM of Nodalneo/neo embryos.
Next, we made use of the Cre-loxP system to recover
endogenous Nodal expression in the node. As previously de-
scribed, excision of the PGK-neo gene from the Nodalneo locus
led to an almost complete recovery of Nodal transcription.
Therefore, we generated transgenic mice that express the Cre
gene under the control of the node-specific enhancer NDE. Cre
recombinase activity was monitored by crossing these NDE-
Cre transgenic mice to Cre-reporter LacZ transgenic mice
(Sakai and Miyazaki, 1997), which would express the LacZ
gene in response to Cre recombinase activity. Cre activity in
the NDE-Cre transgenic mice was first observed in the poste-
rior node region of two-somite-stage embryos, and the activity
became stronger as embryos developed (Fig. 5L). Nodalneo/neo
mice carrying the NDE-Cre transgene showed significant
Nodal expression in the node, and furthermore, Nodal expres-
sion in LPM was induced at the six-and seven-somite stages
(Fig. 5D and M). Thus, the recovery of endogenous Nodal
expression in the node led to Nodal expression in left LPM.
Although the Nodal gene normally begins to be expressed in
left LPM at the three-somite stage, NDE-Cre, Nodalneo/neo
embryos failed to express Nodal in LPM at the four-somite
stage. This delay of expression was likely to be due to the
delayed expression of Nodal in the node. Therefore, node-
derived Nodal signal can induce Nodal expression in left LPM
even at stages later than the three-somite stage, suggesting that
left LPM is normally receiving signals from the node for the
period at least between the three- and six- somite stages. Pitx2
expression was also recovered in the LPM of NDE-Cre,
Nodalneo/neo embryos (Fig. 5G and N).
These results thus indicate that the failure of Nodal expres-
sion in LPM of Nodalneo/neo embryos results from the loss of
Nodal activity in the node and that Nodal activity in the node
regulates asymmetric expression of Nodal in left LPM.
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Expression of Lefty2 in the node reproduces the
phenotype of Nodalneo/neo embryos
To confirm this role of Nodal produced in the node, we
generated transgenic mice that express the Nodal antagonist
Lefty2 in the crown cells of the node. The transgene
(NDEhsp-Lefty2- IRESLacZ) comprised Lefty2 cDNA that
was linked to IRES-LacZ and placed under the control of the
Nodal NDE and heat shock promoter (Fig. 6A). Four of ten
transgenic lines specifically expressed LacZ in the node
without any ectopic expression (Fig. 6B and C). These
transgenic embryos exhibited a normal node morphology
(Fig. 6C) and misexpressed Lefty2 in the node (Fig. 6D–F).
Ectopic expression of Lefty2 in the node of Nodal/ em-
bryo resulted in a marked decrease in, but did not abolish,
Nodal expression in left LPM (Fig. 6K). Nodal expression
in LPM remained in four NDEhsp-Lefty2-IRESLacZ trans-
genic lines, suggesting that complete inhibition of Nodal
activity by a higher level of Lefty2 expression in the node
may have resulted in embryonic or postnatal lethality. Ex-
pression of endogenous Lefty2 in left LPM was abolished
(Fig. 6F). Expression of Pitx2 in left LPM remained rela-
tively normal (data not shown), most likely as a result of the
residual level of Nodal expression in this region. Expression
of Lefty1 in the PFP was also greatly reduced: Lefty1 ex-
pression began anteriorly relative to the node but failed to
expand further throughout the floor plate (Fig. 6E and F). In
contrast, Nodal expression in the node was not affected by
the transgene (Fig. 6J and K).
We next examined the effect of the Lefty2 transgene in
Nodalneo/ embryos. Given that Nodal activity in the node
of Nodalneo/ embryos is reduced compared with that in
wild-type embryos, we anticipated that the effects of the
Lefty2 transgene would be more pronounced in Nodalneo/
Fig. 3. Expression of various genes in Nodalneo/neo embryos. Gene expression was examined by whole-mount in situ hybridization with mouse embryos of
the indicated genotypes at 7.0 dpc (A–F) or 8.2 dpc (G–W). (A–C) Nodal expression in the posterior ectoderm and the visceral endoderm is reduced but
maintained in the Nodalneo/neo embryo. A, anterior; P, posterior. (D–F) Transverse sections of the embryos shown in (A–C). Nodal expression is detected in
the visceral endoderm (VE, arrows). The embryonic ectoderm is indicated by asterisks. (G–I) Nodal expression apparent in the node and left LPM of the
wild-type and Nodalneo/ embryos is absent in the Nodalneo/neo embryo. (J–L) Lefty2 expression in left LPM and Lefty1 expression in the PFP, both of which
are apparent in the wild-type embryo and slightly reduced in the heterozygous embryo, are lost in the Nodalneo/neo embryo. (M–Q) Pitx2 expression in left
LPM observed in the wild-type and Nodalneo/ mice is abolished in the Nodalneo/neo embryo. Red arrowheads indicate the position of left LPM. (R–W)
Expression of Shh (R–T) and GDF1 (U–W) was normal in Nodalneo/neo embryos. GDF1 expression in the node showed asymmetry. Its expression on the
left side is stronger than that on the right side (U, V). This asymmetric expression was conserved in Nodalneo/neo embryos (W). Scale bar, 200 m.
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embryos. This was indeed the case. Lefty1 and Lefty2 ex-
pression in the floor plate and LPM of Nodalneo/ embryos
was abolished by the Lefty2 transgene (Fig. 6G and H).
Nodal expression in LPM was also abolished (Fig. 6I and
L), and most Nodalneo/ embryos (5/6) harboring the trans-
gene failed to express Pitx2 (Fig. 6M and N).
Morphological examination at 18.5 dpc revealed that
Nodal/ mice harboring the Lefty2 transgene do not man-
ifest obvious abnormalities in internal organs (Fig. 7), with
the exception that clefts were observed in the left medial
lobe of the liver (2/3 embryos) (Fig. 7A). This is consistent
with normal expression of Pitx2 in these mice (data not
shown). However, Nodalneo/ fetuses harboring the Lefty2
transgene exhibited abnormalities in internal organs similar
to those of Nodalneo/neo mice, including right isomerism of
the atrium, lung, and spleen. The phenotype of these ani-
mals was slightly less severe than that of Nodalneo/neo mice:
One of three Nodalneo/ animals harboring the transgene
exhibited three lobes in the left lung and four lobes in the
right lung, whereas the other two mice showed typical right
isomerism of the lung (Fig. 7A). The spleen was positioned
normally along the great curvature of the stomach but was
smaller in size (Fig. 7B). Clefts were also observed in the
medial lobes of the liver (Fig. 7A). Other malformations of
internal organs similar to those of Nodalneo/neo mice were
also observed in Nodalneo/ animals harboring the Lefty2
Fig. 4. Lack of Nodal expression in left LPM of Nodalneo/neo embryos. (A, B) Staining for -galactosidase activity in Nodalneo/ (A) and Nodalneo/neo (B)
embryos harboring the Lefty2 ASE-LacZ transgene. Staining in the left LPM and PFP is abolished in the Nodalneo/neo embryo. Node region was enclosed by
red dotted lines. (C, D) Nodal expression in Nodal/, Lefty2ASE/ASE (C) and Nodalneo/neo, Lefty2ASE/ASE (D) embryos. Nodal expression in the left LPM
and node was not apparent in the latter embryo. Each panel of (A–D) shows anterior, left side, and posterior views of one embryo at 8.2 dpc. (E–G) Pitx2
expression in left LPM is apparent in the Nodalneo/ Lefty2ASE/ASE embryo (E) but not in the Nodalneo/neo, Lefty2ASE/ASE embryo (F, G) at 8.2 dpc. The
plane of the section shown in (G) is indicated in (F). Red arrowheads indicate left LPM. (H–K) The PGK-neo cassette in the Nodalneo allele was removed
by expression of the Lefty2–3.3 Cre transgene in LPM of Nodalneo/ (H, J) and Nodalneo/neo (I, K) embryos. Removal of the PGK-neo cassette from the
Nodalneo/neo embryo failed to result in the recovery of Pitx2 expression in left LPM. Red arrowheads indicate left LPM. The plane of the sections shown in
(J) and (K) is indicated in (H) and (I), respectively. Scale bars, 200 m.
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transgene: The apex of the heart was oriented to the right
(Fig. 7A), the positions of the great arteries were disorga-
nized (Fig. 7D), and gut looping was incomplete (Fig. 7C).
These morphological abnormalities were likely caused by
the reduction in the level of Nodal expression in LPM
resulting from the decrease in Nodal activity in the node.
Ectopic expression of the Nodal antagonist Lefty2 in the
node of Nodalneo/ mice thus appeared to reproduce the
phenotype of Nodalneo/neo mice, further supporting a role for
Nodal produced in the node in regulation of asymmetric
gene expression in left LPM.
Discussion
Node-specific expression of Nodal is impaired in
Nodalneo/neo mice
The Nodalneo allele contains a PGK-neo cassette in the
upstream region of the gene. Although Nodal is expressed in
several domains during early development and is required
for various patterning events, Nodalneo/neo mice manifest
specific defects in L-R patterning. The mutant mice exhib-
ited a reduction in the level of Nodal expression at pregas-
trulation and gastrulation stages, but the restriction of ex-
pression to the visceral endoderm and ectoderm appeared
normal. The reduced level of Nodal expression might thus
be sufficient for anteroposterior patterning and mesoen-
doderm formation in Nodalneo/neo embryos. Nodal expres-
sion in the visceral endoderm is controlled by the ASE
element, whereas that in the epiblast is regulated by the
combination of ASE and an epiblast-specific enhancer
(Brennan et al., 2001; Norris et al., 2002). The reduced but
considerable level of Nodal expression apparent in the vis-
ceral endoderm of Nodalneo/neo embryos suggests that ASE
activity is not markedly impaired by the Nodalneo mutation
in cis.
Nodalneo/neo embryos resemble Cryptic/ mice (Yan et
al., 1999) and exhibit L-R defects characteristic of a lack of
the left-side determinant Nodal in LPM. Although Nodal
expression is impaired in both the node and left LPM of
Nodalneo/neo embryos, our data indicate that the reduced
expression of Nodal in the node is the primary cause of the
observed L-R anomalies. This conclusion is supported by
our observation that exogenous expression of Nodal in the
node rescued asymmetric Nodal expression in LPM of
Nodalneo/neo embryos. Thus, the Nodalneo allele is transcrip-
tionally activated in response to Nodal, suggesting that the
absence of Nodal expression in left LPM of Nodalneo/neo
embryos is due to the lack of an upstream signal (Nodal
produced in the node). The asymmetric expression of Nodal
in LPM is regulated by ASE, a Nodal-responsive enhancer
located in the first intron. The insensitivity of ASE activity
to the Nodalneo mutation likely reflects the relative position
of ASE with respect to the PGK-neo cassette and the Nodal
promoter.
Nodal expression in the node, which normally begins
earlier than that in left LPM, was greatly reduced in
Nodalneo/neo embryos. This reduced expression is not
due to a deficiency of Nodal at earlier stages, because
Nodalneo/neo embryos develop normally until the early
somite stage. In particular, the midline structures appear
normal in their morphology and expression patterns of
Brachyury and Shh. Lefty1 expression in PFP is lost, but
this is probably secondary to the absence of Nodal
expression in LPM. Furthermore, the node-specific ex-
pression of Nodal is not dependent on Nodal because
Nodalneo/LacZ embryos that develop to the early somite
stage exhibit -galactosidase activity in the node even
though they completely lack Nodal expression in the
node (unpublished observations). These observations
suggest that node-specific expression of Nodal is im-
paired in cis by the Nodalneo mutation. Studies of Nodal
regulation by transgenic appoaches have established that
Nodal expression in the node is controlled by an enhancer
(NDE) located 9.5 kb upstream of the transcription start
site (Adachi et al., 1999; Norris and Robertson, 1999).
Insertion of the PGK-neo cassette between NDE and the
promoter may thus inactivate NDE in cis.
Another hypomorphic Nodal allele (Nodalflox), in which
an IRESgeo cassette is incorporated into the 3 untrans-
lated region and the second intron is deleted (Lowe et al.,
2001), has been described. Nodalflox/ mice exhibit variable
defects in anteroposterior patterning, mesoderm formation,
and L-R patterning. Those animals with the mildest pheno-
type develop to 15 dpc and exhibit L-R defects similar to
those observed in Nodalneo/neo mice. Similar to Nodalneo/neo
embryos, Nodalflox/ embryos lack Nodal expression in the
node and in left LPM but exhibit -galactosidase activity in
the node. However, Nodalflox/flox mice appear normal and
are fertile, indicating that Nodalflox is a less severe hypo-
morphic allele than is Nodalneo.
Several genes are expressed in the node with L-R asym-
metry, including Nodal (Collignon et al., 1996), Dante
(Pearce et al., 1999), and GDF1 (Fig. 3 U). Nodalneo/neo
embryos maintained asymmetric expression of GDF1 and
Dante in the node (Fig. 3U–W; data not shown), suggest-
ing that molecular asymmetry in the node does not require
Nodal activity or only requires a low level of Nodal. None-
theless, significance of molecular asymmetry in the node
remains uncertain.
How does Nodal produced in the node act on left LPM?
Our observation that targeted expression of Nodal in the
node prevented the L-R defects of Nodalneo/neo embryos
provides direct evidence for a role of Nodal produced in the
node in L-R specification of LPM. Very recently, Brennan
et al. (2002) have reported mutant mice lacking a node-
specific enhancer of Nodal gene and have reached a similar
conclusion. Also consistent with this notion, among the
many mutant mice with L-R defects, those lacking Nodal
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expression in the node always fail to exhibit asymmetric
Nodal expression in LPM (Lowe et al., 2001). There are two
possible mechanisms by which Nodal synthesized in the
node might induce left side-specific gene expression in
LPM: Nodal may thus act on left LPM either directly or
indirectly (Fig. 8, step 2). In the former instance, Nodal
produced in the node would travel to left LPM and there
initiate Nodal expression. Several recent observations sup-
port this possibility. Nodal is thus able to function as a
signaling molecule over a long distance (Chen and Schier,
2001; Meno et al., 2001). Indeed, a green fluorescent pro-
tein–Nodal fusion construct diffused over a distance of
500 m in the chick embryo (Sakuma et al., 2002).
Although the mechanism by which Nodal expression in
Fig. 5. Rescue of left side-specific gene expression in LPM by forced Nodal expression in the node of Nodalneo/neo embryos at 8.2 dpc. (A) Transgene
construct for the expression of Nodal specifically in the node. The Nodal cDNA was linked to IRES-LacZ and placed under the control of two tandem copies
of NDE and the heat shock promoter (hsp). (B, C) Staining for -galactosidase activity in transgenic embryos. The transgene was expressed bilaterally in
the crown cells of the node exclusively. Lateral and posterior views are shown in (B), and a section at the indicated plane is shown in (C). (D–F) Nodal
expression in embryos of the indicated genotypes. Nodal expression in left LPM, which was absent in the Nodalneo/neo embryo (D), was rescued by the
transgene (Tg), as indicated by the red arrowheads in (F). The blue arrowhead indicates Nodal expression conferred directly by the transgene. (G–K) Pitx2
expression in embryos of the indicated genotypes. Pitx2 expression in left LPM, which was lost in the Nodalneo/neo embryo (G), was rescued by the transgene,
as indicated by the red arrowhead in (I). The planes of the sections shown in (J) and (K) are indicated in (H) and (I), respectively. Red arrowheads indicate
left LPM. (L) Mice harboring the NDE-Cre transgene were crossed with the Cre reporter mice that harbor CAG-CAT-Z transgene. Embryos containing both
NDE-Cre and CAG-CAT-Z were stained with X-gal at the two-, four-, or eight-somite stage. Punctate X-gal staining in the node of the two-somite-stage
embryo is indicated by blue arrowheads. Recovery of Nodal (M) and Pitx2 expression (N) in Nodalneo/neo embryos harboring the NDE-Cre transgene. Blue
arrowheads in (M) denote Nodal expression in the node. Red arrowheads indicate Nodal (M) or Pitx2 (N) expression in left LPM. Scale bars, 200 m.
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initiated in left LPM is unknown, the introduction of a
Nodal expression vector into right LPM of mouse embryos
initiated Nodal expression (M. Yamamoto et al., in press),
suggesting that asymmetric Nodal expression in LPM is
initiated by Nodal itself.
With regard to the second possible mechanism by which
Nodal produced in the node affects gene expression in LPM,
Nodal might act on an intermediate region between the node
and LPM on the left side to induce the generation of an
unknown signaling molecule. This signal-relaying molecule
would then migrate to left LPM and there induce Nodal
expression. In the chick embryo, the bone morphogenetic
protein (BMP) antagonist Caronte is a candidate for such a
signaling molecule, given that it is expressed in the paraxial
mesoderm on the left side and is able to induce Nodal
expression in LPM (Rodriguez Esteban et al., 1999; Yo-
kouchi et al., 1999; Zhu et al., 1999). However, recent
evidence indicates that BMP signaling positively regulates
Nodal expression by inducing an EGF-CFC protein in LPM
(Piedra and Ros, 2002; Schlange et al., 2002). It is therefore
unlikely that BMP antagonists relay Nodal signals.
Whether it acts on LPM directly or indirectly, Nodal
produced in the node would have to function preferentially
on the left side. Nodal is expressed bilaterally in the crown
cells of the perinodal region from the neural fold stage to the
one-somite stage (Collignon et al., 1996). This Nodal ex-
pression domain later exhibits subtle L-R asymmetry (be-
tween the 3- and 5-somite stages). However, this subtle
asymmetry in the node is probably not required for asym-
metry in LPM because it is not apparent before the onset of
left-sided Nodal expression in LPM. How then might a
protein synthesized on both sides of the node act on only
one side of LPM? Such an action might be achieved with
the use of nodal flow, the leftward flow of extraembryonic
fluid generated by the vortical movement of monocilia
(Nonaka et al., 1998). The role of nodal flow in L-R pat-
Fig. 6. Inhibition of asymmetric gene expression in left LPM by misexpression of a Lefty2 transgene in the node at 8.2 dpc. (A) Transgene construct for the
expression of Lefty2 specifically in the node. The Lefty2 cDNA was linked to IRES-LacZ and placed under the control of two tandem copies of NDE and
the heat shock promoter (hsp). (B, C) Staining for -galactosidase activity in transgenic embryos. The transgene was expressed bilaterally in the crown cells
of the node exclusively. Lateral and posterior views are shown in (B), and a section at the indicated plane is shown in (C). (D–H) Expression of Lefty1 and
Lefty2 in embryos of the indicated genotypes. Ectopic Lefty2 expression in the node of the Nodal/ (E, F) and Nodalneo/ (G, H) embryos resulted in a
reduction in the level of Lefty2 expression in left LPM and Lefty1 expression in the PFP. Red arrowhead indicates expression of Lefty1 (E, F). Embryos shown
in (E) and (G) are at the two- to three-somite stage, and those in (F) and (H) are at the four- to five- somite stage. (I–L) Nodal expression in embryos of the
indicated genotypes. Lateral and posterior views are shown in each panel. The Lefty2 transgene reduced Nodal expression in left LPM of Nodal/ embryos
(J, K) and abolished Nodal expression in left LPM of Nodalneo/ embryos (L). Expression of Nodal in the node was not affected by the Lefty2 transgene (J–L).
The embryo shown in (J) is at the two-somite stage and those shown in (I), (K), and (L) are at the five-somite stage. Red arrowheads indicate left LPM. (M,
N) Pitx2 expression in embryos of the indicated genotypes. The Lefty2 transgene also eliminated Pitx2 expression in left LPM (red arrowheads) of Nodalneo/
embryos. All scale bars, 200 m.
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Fig. 7. Reproduction of the L-R defects of Nodalneo/neo mice by ectopic expression of Lefty2 in the node. Mice of the indicated genotypes, harboring (or not)
the Lefty2 transgene shown in Fig. 6A, were examined at 18.5 dpc. Nodal/ mice harboring the Lefty2 transgene showed no obvious abnormalities. In
contrast, Nodalneo/ mice harboring the Lefty2 transgene manifested various L-R defects similar to those observed in Nodalneo/neo mice, including right
isomerism of the lungs (A), abnormal lobation (red arrows) and clefts (blue arrow) in the liver (A), spleen hypoplasia (B), abnormal looping (blue–green
arrows) of the gut (C), as well as reversed orientation of the heart apex and reversed position of the great arteries (D). ht, heart; lm, left medial lobe of the
liver; ll, left lobe of the liver; st, stomach; sp, spleen; du, duodenum; ao, aorta; pa, pulmonary artery; ra, right atrium; la, left atrium.
Fig. 8. Model for the role of Nodal in L-R patterning. Nodal may contribute to three steps in L-R patterning. In step 1, initial L-R polarity is determined by
nodal flow (horizontal arrow) before the first somite is formed. At this stage, Nodal is expressed in the node (red) but not in left LPM. In step 2, Nodal
produced in the node is transported to left LPM, where it may induce Nodal expression either directly or through the production of a secondary signal. In
step 3, expression of Nodal expands throughout the LPM along the anteroposterior axis as a result of positive and negative feedback loops connecting Nodal
and Lefty2. The blue oval, gray circles, and blue line represent the node, somites, and midline structures, respectively.
terning was recently demonstrated by testing the effects of
artificial flow (Nonaka et al., 2002). Nodal flow may thus
transport a signaling molecule that acts as a left-side deter-
minant, with Nodal being a good candidate for such a
molecule, as previously proposed (Hamada et al., 2002).
After its bilateral synthesis in the perinodal region, Nodal
may thus be preferentially transported toward the left side.
On the other hand, Nodal might be distributed equally on
both sides but active only on the left side as a result of nodal
flow-dependent regulation. It will be necessary to visualize
Nodal and to study its behavior in the embryo in order to
distinguish between these possibilities.
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